An alternative to extract representative stress-strain curves from a set of indentation data measured with the Berkovich indenter is developed in this study. The ''yield'' depth in the representative strain is identified by a double logarithm plot of indentation data, and it enables the establishment of a representative stress-strain curve. Comprehensive analyses are demonstrated using the new method proposed to capture the yield strength and the strain hardening exponent for an aluminum single crystal.
Introduction
Compared with mechanical properties tests, the nanoindentation technique is a convenient approach to characterize the nano-mechanical properties of surfaces and thin films. A number of analysis methods based on experimental and numerical investigations have been conducted on many materials to extract the mechanical properties from indentation load-displacement curves. During loading, the typical load-displacement response generally follows the relation described by Kick's Law, that is, P ¼ Ch 2 with loading curvature C. Based on Kick's Law, mechanical properties are obtained from the measured force-displacement curves such as elastic modulus, yield strength, strain hardening, residual stress, and creep behaviors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The applications of the stress-strain curves can be found in describing the plastic behavior of materials and providing the materials parameters for deformation simulation.
A number of previous investigations were carried out, which prescribe the relationship between the measured loaddisplacement response and the mechanical properties by applying dimensional analysis using dimensionless È and Å functions, which were introduced by Casals. 17) In the former case of the dimensionless È function, it provides the relationship between pressure " p p and the mechanical properties. In the latter case, the dimensionless Å function relates the parameters from the P À h curve to the mechanical properties.
Tabor 1) first proposed the relationship between representative stress and the mean pressure " p p, as well as the definition of representative strain. Hence, the tensile stress-strain curve can be derived from indentation tests. A linear relationship between hardness H and representative stress r is proposed by Tabor 18) as follows:
The ratio C of the hardness H to the representative stress r is equal to 3 for Vickers indentations on metals, while the representative strain " r is between 0.08 and 0.1. The hardness of materials is defined as the ratio between the applied force P and the projected contact area A:
Based on Tabor's definition, the representative strain for a conical indenter with an indenter angle , as shown in Fig. 1(a) , is given by the following:
The representative strain can be expressed in a simple relationship for a spherical indenter: 19) " r ¼ 0:2a=R ð4Þ
where a represents the contact radius, and R is the radius of the indenter (see Fig. 1(b) ).
In this study, we follow the dimensionless È functions and propose a new analysis method for extracting the stress-strain curves from the measured data set of load and displacement for Berkovich indentation.
Experiment
A single crystal of 99.9999% pure aluminum was produced by the modified Bridgman method and then prepared by an electric discharge machine into sample geometry of 3 Â 12 Â 12 mm 3 . The orientation of the Al single crystal is (265 , 102 , 190 ) in terms of Euler angles according to Bunge's definition, i.e., the out-of-plane direction parallel to [ " 1 1 " 5 5 " 1 1] which is close to [001] . One of the sample surfaces was obtained through grinding with 2000 grit SiC abrasive paper, then polishing with 0.5 mm diamond paste. After polishing, the sample surface was electropolished to avoid the undesirable effects caused by mechanical hardening on the sample surface during sample preparation. The electropolishing process was in an electrolyte composed of 80% alcohol and 20% perchloric acid at room temperature under 20 V for 60 s.
Nanoindentation was carried out using the MTS System Nano Indenter Ò XP which has a maximum load capability of 500 mN. A Berkovich diamond tip having a nominal edge radius of 20 nm was used. The parameters for these tests included a maximum penetration depth of 1000 nm, a frequency target of 45 Hz, a harmonic displacement target of 2 nm, and a strain rate target of 0.050 s À1 . Here, the CSM mode multiple indentations were performed on an aluminum single crystal. It is possible to obtain hardness and modulus continuously during loading by superimposing a small oscillation on the loading signal. This is known as continuous stiffness monitoring (CSM). For the aluminum single crystal, Fig. 2 shows a typical load-displacement curve obtained from Berkovich indentation.
Extracting Representative Strain
Analogous to the definition of ''true strain'' the strain used here can be expressed:
where h 0 is the initial depth and h a given depth at a given time. Therefore, the total strain " is composed of an elastic strain " e and a plastic strain " r (called representative strain) by:
where h 0 is the initial depth and h y the depth at yielding. Therefore, the representative strain " r can be expressed:
And then the indentation stress was adopted as
where P is the applied force and A the projected contact area. In this study the representative stress-strain curve was obtained using eq. (7) and eq. (8) . During indentation, the average pressure " p p according to the dimensionless function 20) can be given by:
where y is the yield stress and È is a dimensionless function. According to a power-law strain-hardening model, the plastic behavior of pure metals and alloys can be closely approximated in Fig. 3 and the true stress-strain relationship, if ! y , is given:
where K is the strength coefficient, n is the strain hardening exponent, r is the representative stress, and " r is the representative strain. Substitution of eq. (10) into eq. (9) yields the following:
Substitution of eq. (7) into eq. (11) yields: 
The relationship will be applied to extract the stress-strain curve from a load-displacement curve in this study. The next step is to determine the ''yield depth'' h y from raw data of load and displacement. Equation (12) can be transformed into a logarithm relationship:
where " p p is a average pressure, K is the strength coefficient, n is the strain hardening exponent, h is the indentation depth, and h y is the ''yield'' depth. Differentiating eq. (13), the strain-hardening exponent of n is obtained by:
Therefore, the strain-hardening exponent of n in eq. (14) can be rewritten as follows:
The term of ðln h y = ln hÞ is smaller than 1 because the indentation depth h is larger than the ''yield'' depth h y for ! y . In addition, it is well known that the strain-hardening exponent of n is larger than zero. This implies that the slope of the double logarithm plot, n, should be larger than zero, that is, the slope of d ln " p p=dðlnðln hÞÞ should be positive. From the double logarithm plot it is can be divided into two regions, one is d ln " p p=dðlnðln hÞÞ > 0 in the region I and the other d ln " p p=dðlnðln hÞÞ < 0 in the region II. There exists a minimum point in the double which is taken as the ''yield'' depth. After that the representative strain is determined according to eq. (7). Figure 4 shows, for instance, the double logarithm plot of ln r and ln ln h as obtained from the load displacement in Fig. 3 for an aluminum single crystal. From the double logarithm plot in Fig. 4 it is can be observed two regions, region I with d ln " p p=dðlnðln hÞÞ > 0 and region II with d ln " p p=dðlnðln hÞÞ < 0. Assuming the strain-hardening exponent of n > 0, it leads to the slope of d ln " p p=dðlnðln hÞÞ > 0 and this suggests that there exists a minimum point in the double logarithm plot at ln r is of 1.56 as seen in Fig. 4 . The value of ln ln h at the minimum point corresponds to the indentation depth of 114.04 nm which is taken as the ''yield'' depth. At the ''yield'' depth 114.04 nm the slope of d ln " p p=dðlnðln hÞÞ is zero and therefore, the strain-hardening exponent of n is also zero according to eq. (15) . The physical meaning of the ''yield'' depth h y corresponds to the depth at yielding as shown in Fig. 3 . After the determination of the yield depth h y , the representative strain and stress were obtained using eq. (7) and eq. (8), respectively.
Mechanical Property and Representative StressStrain Curve
Using the data analysis method proposed by Oliver and Pharr, 3) E r , which is the reduced modulus of materials, can be calculated by
where S is elastic contact stiffness, and A is the projected contact area. The elastic modulus E of material can be calculated by:
where E and are Young's modulus and Poisson's ratio of the indented material respectively; and E i and i are the corresponding values of the indenter tip. According to the method proposed by Oliver and Pharr, 3) the elastic modulus of the Al single crystal determined from the three load-displacement curves in Fig. 6(a) is in the range of 67.2-69.5 GPa and in good agreement with values reported in the literature. 21, 22) At the indentation depth less than 200 nm, a ''staircase''-shaped P À h curve which is called displacement burst (or ''pop-in'') [23] [24] [25] is shown in Fig. 3(b) . The first displacement burst typically occurs at a load P that corresponds to the maximum shear stress under the indenter which reaches the theoretical shear strength of the indented specimen material. Thus, the mechanism for this pop-in is due to the nucleation and propagation of dislocations. 26) Nix and Gao 27) has proposed that the geometrically necessary dislocations created in small indentations create a hardening effect that is applied to explain this pop-in phenomenon. The indentation stress-strain curve was obtained for Berkovich indentation using the new methods proposed as shown in Fig. 5(a) . The representative stress-strain curve in Fig. 5 (a) appears ''staircase''-shaped for the aluminum single crystal. It is observed that the three indentation stress-strain curves are not the same in Fig. 6(b) , although the loaddisplacement curves are similar. This can be due to differences in local morphology in the nanoscale. Therefore, an indentation stress-strain curve was fitted using a power law. The strain-hardening exponent n of 0.23 in Fig. 5(a) lies below the average value of the strain-hardening exponent between 0.285 and 0.31. [28] [29] [30] Aluminum does not have a well-defined yield point, consequently, it is practice to define a yield stress for aluminum using the 0.2% offset method. The elastic modulus obtained from the method proposed by Oliver and Pharr 3) can be plotted in the indentation stressstrain curve and then the yield stress of 76.9 MPa is able to be determined with the 0.2% offset method.
Conclusions
This new analysis procedure provided an alternative and easy approach proposed for establishing representative stress-strain curves for Berkovich tip. The representative strain is defined using the logarithm of the ratio of the total depth to the ''yield'' depth which corresponds to a minimum point in a double logarithm plot, that is, the depth at yielding. It is found that the strain-hardening exponent n is 0.23, and the yield stress is 76.9 MPa. 
